Introduction
The NADPH oxidase is an enzymic system found in professional phagocytes (neutrophils, eosinophils, monocytes and macrophages) that catalyses the one-electron reduction of oxygen to 0; [ 11. This 0; and the toxic oxygen molecules derived from it are produced by phagocytes during the process of respiratory burst after exposure to appropriate stimuli, and are used for the killing and destruction of invading microbes and tumour cells
[2]. NAIIPH oxidase is believed to be an electron transport chain whose components have been only in part completely identified (see [ 3, 41 for detailed reviews), characterized and cloned [ 5-lo] . Cloning has been obtained especially through investigations of patients affected by chronic granulomatous disease (CGD), in whom NADPH oxidase functioning is defective because of abnormalities of its different polypeptides. The terminal component of the NADPH oxidase chain is a membrane-associated low potential haem protein, cytochrome bSSX, which is a heterodimer composed of two subunits [ 111: a 91 kDa chain (gp91-phox) and a 22 kDa chain (p22-phox). The other cloned components reside in the cytosol and both move into the membrane upon cell triggering [ 12, 131: a 47 kDa protein that undergoes phosphorylation during NADPH oxidase stimulation (p47-phox) [14] and a 67 kDa peptide (p67-phox), some functional aspects of which have been described [ 151.
Abbreviations used: Id'S, lipopolysaccharide; IFN, interferon; Con A, concanavalin A; FMLP, N-formylmethionyl-leucyl-phenylalanine; TNF, tumour necrosis factor; CGD, chronic granulomatous disease.
Generation of toxic oxygen molecules by macrophages and neutrophils has been shown to be enhanced by previous incubation with immune interferon (IFN-y) [ 16, 171 or lipopolysaccharide (LPS) [18] . This phagocyte activation is relevant in the understanding, for example, that IFN-y enhances phagocyte killing of antibody-coated targets. Here we will briefly describe the results of our experiments, performed with the aim of defining the molecular basis of the enhancement of IFNy and LPS activation of phagocyte respiratory burst capability.
NADPH oxidase gene expression in human neutrophils
We were the first to demonstrate that incubation of neutrophils with IFN-y for a few hours causes a 2-3-fold increase of their capability to generate 0; or H202 in response to concanavalin A (Con A), N-formyl-methionyl-leucyl-phenylalanine (FMLP), immune complexes or substimulatory doses of phorbol 1Zmyristate 13-acetate [ 17, 191 . Studies of the possible modulation of IFN-y on the expression of receptors for agonists triggering NADPH oxidase activity, such as FMLP or Con A, or on the possible influence on the transmembrane signalling which ensues from agonist-receptor interaction, revealed that IFN-y-treatment of neutrophils did not affect those parameters [ 191. Further investigations demonstrated that agents blocking de novo RNA and protein synthesis were instead able to prevent IFN-y-enhancement of neutrophil respiratory burst capability [ 17, 191 . These latter data indicated that cytokine-induced expression of genes encoding NADPH oxidase components might be relevant for the phenomenon and prompted us to verify our hypothesis [ZO] . The results of a typical experiment, in which Northern blot analysis of total RNA purified from human neutrophils treated for 90 min with optimal doses of IFN-y (100 units/ml) was performed, is shown in Fig. 1 . For comparison, the effect of doses of LPS (1 pg/ml) potentiating neutrophil oxidative metabolism was also analysed. It is evident that the heavy-chain subunit of cytochrome bSs8 (gp91-phox) mRNA levels are increased by IFN-y, but are not affected by LPS. LPS is, however, able to enhance gp91-phox transcripts levels, but starting at times greater than 90 min of neutrophil incubation [ZO] . The increase of gp91-phox mRNA steady-state levels obtained by LPS and IFN-y is accompanied by an increase of the relevant protein [ZO] . No evidence for a significant enhancement of the light-chain subunit of cytochrome bSsX (p22-phox) mRNA expression in IFN-y or LPS-treated neutrophils was obtained ( Fig. 1 ). Data similar to those shown in Fig. 1 , relative to cytochrome b mRNA expression, were also reported previously by others [ 2 13. Expression of the NADPH oxidase 47 kDa cytosolic component (p47-phox) mRNA steady-state levels is significantly decreased by IFN-y and, again, not influenced by LPS at that time (Fig. 1) . Maximum decrease of p47-phox mRNA levels induced by IFN-y was observed at 4-5 h of cell treatment [ZO] . After 18-20 h of neutrophil incubation in medium, constitutive p47-phox transcripts decreased to very low levels [ZO] , but LPS maintained their expression relatively high (our unpublished work). Fig. 1 also shows that tumour necrosis factor (TNFa) mRNA expression is induced only by LPS (Fig.  1) [ZZ], demonstrating that the apparent failure of endotoxin to affect NADPH oxidase gene expression after 90 min is not due to inefficacy of that agent. From the results so far described, it is clear that gene expression of the three NADPH oxidase components is regulated independently of each other and is modulated differently by exogenous factors.
Studies done recently with patients affected by the so-called 'variant' form of X-linked CGD, whose phagocytes contain reduced concentrations of cytochrome bSSX, produce very low amounts of 0; and show altered NADPH oxidase kinetic parameters, established that treatment in Vivo with IFNy leads to a consistent increase in 0; anion production and induces in parallel gp91-phox mRNA and protein expression [23, 241. Our results also indicate that increase of gp91-phox mRNA in IFN-y-treated neutrophils in vitro strictly parallels 
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Northern blot analysis was performed with total RNA purified from neutrophils incubated for 90 min with the activating agents. Phosphoglycerate kinase (PGK) mRNA levels indicate that approximately the same amount of total RNA per condition was transferred on to the membrane and used for hybridizations.
-w- tional or post-transcriptional levels. For this purpose we determined the half-lives of their mRNAs [20] , but no differences between control and IFN-ytreated neutrophils were found. Thus, we could exclude the possibility that control of mRNA stability is the site of regulation at which IFN-y determines its action and we suggest that a transcriptional control may account for the effect of IFN-y and, probably, LPS.
NADPH oxidase gene expression in monocytes and monocyte-derived macrophages
Maturation of monocytes to macrophages in culture results in a down-modulation of their capability to release 0; [25] accompanied by a decrease in the affinity of NADPH oxidase for its substrate [26] . Treatment of macrophages with IFN-y for 48 h produces a dramatic enhancement of their oxidative metabolism [ 161 and restores the kinetic properties of NADPH oxidase to the values characteristic of the oxidase of monocytes [26] . These effects are dependent on de novo protein synthesis (our unpublished work). T o establish the molecular mechanism of these changes, gene expression of NADPH oxidase components was investigated by Northern blot analysis [ZO] . We found that gp91-phox and p47-phox steady-state mRNA levels also decrease during monocyte maturation to macrophages (Fig. 2) , whereas p22-phox transcripts do not (not shown). Exposure of 6-7-day-old macrophages to IFN-y for 24-48 h produces an increase in both gp91-phox mRNA and p47-phox mRNA steady-state levels, but the p47-phox mRNA enhancement is much more pronounced than that of gp91-phox mRNA (Fig. 2) , as also demonstrated by others "271. Nuclear run-on experiments suggest that transcriptional regulation plays a major role in the induction of the gp91-phox mRNA [21] . The effect of other macrophage-activatory factors on the NADPH oxidase gene expression was also investigated in mature macrophages. Fig. 3 shows that only IFN-y seems to cause a significant increase of gp91-phox mRNA, whereas p47-phox mRNA steady-state levels are also significantly induced by TNF or LPS, in addition to IFN-y. It thus appears that regulation of p47-phox mRNA expression by IFN-y and LPS is different depending on the target cell: in neutrophils at early times p47-phox mRNA levels decrease in response to IFN-y and do not change in response to LPS, whereas in macrophages, after a long incubation with both agents, they increase. It is also worth pointing out that, in one-day cultured monocytes, expression of p47- 
NADPH oxidase gene expression in myeloid cell lines
Induction of the respiratory burst capability is one of the hallmarks of differentiation of normal bone marrow and leukaemia myeloid cells. In order to analyse the molecular mechanism of action of TNF and IFN-y in inducing monocytic differentiation of human myeloid cell lines ML3 and U937) studies of regulation of expression of the genes encoding for cytochrome bSsX and p47-phox were conducted by Northern blot and in situ hybridization analyses ([21, 281 and our unpublished work) . Accumulation of gp91-phox and p47-phox transcripts were detected within 6 h of IFN-y or TNF treatment of the cell lines. The combined effect of the two cytokines on the two genes was more than additive at all times studied and the accumulation increases up to 5 days. The gene encoding for the p22-phox was constitutively expressed in the cell lines and its accumulation affected neither by TNF nor IFN-y. Nuclear run-on experiments revealed that induction of gp91-phox gene expression by IFN-y and/or TNF was due to their action at transcriptional level. Functional oxidative burst and accumu- Effect of IFN-y, TNF, IFN 
PGK
lation of the cytochrome b subunits on the membranes begins to rise after more than one day and reach a maximum at day 5 of induction. Therefore, the expression of NADPH oxidase genes appears to be modulated by TNF and/or IFN-y directly at a time preceding, and possibly independently of, full differentiation of the cells.
Concluding remarks
The recognition that IFN-y is able to potentiate 0 ;
production from phagocytes and, in parallel, increases the mFWA encoding the heavy-chain subunit of NADPH oxidase cytochrome bssx, suggests that this last component is a critical determinant for the phagocyte respiratory burst activation mediated by the cytokine. Further investigations on the molecular pathology of CGD, on the &-DNA sequences and trans-acting nuclear factors regulating gp91-phox and p47-phox gene by IFN-y, on the function and assembly of the NADPH oxidase components of the electron transport chain and on the domains involved in their molecular interaction, will provide important insights on the cell biology of the NADPH oxidase system and a more solid basis for new forms of gene therapy and will contribute to a better understanding of the molecular basis of IFN-y action.
